T he production of gam m a-rays by neutrons M e t h o d o f e s t im a t in g t h e e n e r g y o f t h e n e u t r o n s
The energy of homogeneous neutron groups can be estimated by measuring their absorption coefficient in boron. This method has been applied to estimate the energy of the neutrons which give rise to artificial ^-radio activity in the case of a number of nuclei, but has not been applied pre viously to the estimation of the energy of neutron groups responsible for the production of y-radiation.
V a l id it y o f t h e 1/v la w f o r b o r o n a b s o r p t io n
The boron absorption method of determining neutron energies rests on the assumption that the absorption coefficient of slow neutrons in boron is [ 116 ] inversely proportional to the neutron velocity. This law, which follows from very general theoretical considerations, has been experimentally verified in the region of thermal energies by Rasetti and co-workers (1936)^ using a mechanical method to vary the relative velocity of the neutrons and the absorbing material. In energy regions higher than the thermal the evidence for the law is mainly indirect. Thus Goldsmith and Rasetti (1936) have measured the energies of those neutrons which excite /?-ray activities in various elements by carrying out absorption measurements in both lithium and boron. Assuming the l/v law to hold for both lithium and boron absorption, the values of these energies come out to be the same in either case. It follows from this that either the 1 /v law is valid for both boron and li tion or else both of these absorbers depart from the law in the same manner.
Further, Preiswerk and von Halban (1936) (and independently Amaldi and Fermi (1936) ) have described another method for the determination of the energies of neutron resonance absorption groups quite independent of the l/v absorption law. The measurements of the energies of the groups obtained by this method show approximate agreement with those made assuming the validity of the 1 jv law.
The 1 /v method of investigating the energies of neutrons responsible for the production of y-radiation involves
(1) The determination of the absorption coefficient in boron for thermal neutrons. The mean energy of these neutrons can be calculated on the assumption of thermal equilibrium between the neutrons of this group and the paraffin molecules used to reduce their velocity.
(2) The determination of boron absorption curves for the neutrons which excite y-radiation in the different materials being investigated.
From the former determination the boron absorption coefficient for neutrons of a certain energy can be obtained, and assuming the 1 law the energy of the neutron groups responsible for the different activities can be obtained from the latter. E x p e r im e n t a l a r r a n g e m e n t Fig. 1 shows the arrangement of apparatus used. The y-radiation was detected by means of a Geiger-Muller counter 6 cm. long, 3 cm. diameter, enclosed in a cylinder of lead with a wall sufficiently thick (2 mm.) to prevent any /^-particles arising in the specimen from reaching the counter. The specimens in which the y-radiation was induced were in two forms, viz.
(1) In the case of Ag, Cd, I, Hg hollow cylinders surrounding the counter.
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(2) In the case of Sb and As rectangular boxes 9 x 7 cm., of appropriate thickness to produce a measurable effect and placed directly beneath the counter.
In either case screens of B4C were placed above and around the sides of the specimen to absorb slow neutrons scattered from neighbouring objects. This precaution was found to be necessary since the effect with silver was reduced by about 20 % when the screens were employed. cm.scale With the counter used the normal cosmic ray count was approximately 60 per min. The introduction of a 350 millicurie Rn + Be neutron source increased the count to 220 per min. When a cylinder 7 cm. long, 4 mm. thick of silver was placed round the lead cylinder containing the counter the counting rate was increased further to 300 per min.
D e t e r m in a t io n o f t h e a b s o r p t io n c o e f f ic ie n t OF THERMAL NEUTRONS IN BORON
In general the measured value of the absorption coefficient of thermal neutrons will depend upon the particular type of neutron detector used. Previous workers have used a detector for which the sensitivity is inversely proportional to the neutron velocity. Under these conditions Bethe and Placzek (1937) have shown that the measured absorption coefficient in boron corresponds to that for neutrons having a mean energy of nkT/4:, T being the temperature of the paraffin in which the neutrons have been reduced to thermal energies.
In our experiments the arrangement of fig. 1 was used. A cylinder of cadmium 0*5 mm. thick and 7 cm. long fitting tightly round the lead cylinder in which the counter was placed was used as a neutron detector. The boron in the form of boron carbide was contained in thin soda-glass containers 9 x 7 cm. placed directly beneath the specimen in which the y-radiation was being produced. Each container had the same thickness, the boron content being varied by mixing the B4C with powdered carbon in different proportions in the various containers. Appropriate corrections were made for the absorption of y-radiation arising from the radon source in the specimen and absorbers.
In this method of experiment the neutron detector registers all thermal neutrons independently of their velocity. In these circumstances it can be shown that the measured boron absorption coefficient corresponds to th at for neutrons of energy 4 J c T / n. On account of this it is to be expect the absorption coefficient obtained from this measurement should be lower than that obtained by other workers in the ratio 7r/4 (assuming the l/v law to be valid). Fig. 2 shows the boron absorption curve obtained by this method. The value of the mass absorption coefficient deduced from the early part of this curve is fijp = 30 + 2 cm.2 gm.-1. The curve is not a true exponential owing to the gradual hardening of the neutron beam in passing through the boron. The form of the curve agrees well with that to be expected assuming a 1 /v law for neutron absorption in boron.
The absorption coefficient of thermal neutrons in boron has also been determined using as detector the y-rays induced in a silver cylinder of the same dimensions as the cadmium and correcting for the production of y-radiation in the specimen by neutrons of non-thermal energies. In the case of silver the absorption coefficient for thermal neutrons is much smaller than in the case of cadmium and only a small fraction of incident thermal It is seen that there is considerable divergence between the values obtained by different observers. Our measurements are in good agreement with those of Amaldi and Fermi and of Livingston and Hoffman.
In this paper the value ju,/p = 30 cm.2 gm.-1 has been taken for the boron absorption coefficient for neutrons of energy 
r m in a t io n o f t h e b o r o n a b s o r p t io n c u r v e f o r NON-THERMAL NEUTRONS WHICH EXCITE y-RADIATION
In a manner exactly similar to that described in the last section boron absorption curves have been obtained for the non-thermal neutrons which excite y-radiation in the specimens tabulated below. With the exception of one of the silver specimens the above are considerably thicker than detectors used in the case of /?-ray measurements. Specimens of this thickness were necessary in order to get effects of a convenient magnitude with the sources available to us. Further, they yield information about neutrons which are captured into a considerable number of resonance levels in contrast with curves obtained with thin indicators which give information about the resonance level of lowest energy only.
Figs. 3 and 4 show the curves obtained for the y-ray activity of the speci mens as a function of the thickness of the boron absorber. All the curves exhibit the same general features, viz. a rapid initial decrease of intensity with boron thickness followed by a region in which the intensity decreases very slowly.* T h e o r e t ic a l f o r m o f t h e a b s o r p t io n c u r v e s Bethe and Placzek (1937) have shown how the boron absorption curves can be analysed along the lines of the theory of neutron capture of Bohr l193 6) and of Breit and Wigner (1936) when thin specimens are used as neutron detectors. The theory is here extended to the case of detectors of finite thickness. We calculate first the activity produced in a specimen of thickness l due to the absorption of neutrons into a single resonance level.
Bethe and Placzek deduce for the activity of a thin specimen due to * The thick-silver curve of fig. 3 is slightly different from th a t previously reported by th e authors (1936) . Previously, insufficient correction was m ade for th e absorption of y-rays from th e radon source in th e boron containers. capture into a level g of the intermediate state (produced by neutrons which have reached thermal equilibrium with the paraffin used to slow them down)
where Eg is the energy of the level g, the thickness of the specimen, C a constant depending on the rate of emission of neutrons from the source and their mean free path in the paraffin used to slow' them down.
r'n, the so-called " reduced neutron w idth", is given by -jFn being the width of the resonance level into which the capture occurs arising from the possibility of the emission of a neutron from that level. We shall assume, with Bethe and Placzek, that there is little variation in r ; between the different levels for the same nucleus. We assume further that the neutrons are absorbed exponentially with absorption coefficient o lE~^ in the material of the detector. The assumption of exponential absorp tion is not strictly correct on account of the finite width of the level. From equation (60) of Bethe and Placzek's paper it is seen th at the assumption of an absorption coefficient proportional to * is equivalent to assuming JP the total width of the levels of the same nucleus to be almost constant. Fortunately it is found that the particular value chosen for the neutron absorption coefficient in the specimen does not greatly affect the conclusions to be drawn, so that these assumptions are not critical.
The activity produced in a detector of thickness l is
where k is the absorption coefficient of the y-radiation in the specimen itself. If before reaching the detector the neutrons are filtered through a layer of boron of thickness t the activity produced becomes approximately
where (3Eg * is the absorption coefficient of neutrons of kinetic energy in boron.
We suppose now that the levels are uniformly spaced, D volts being the spacing between consecutive energy levels and Er the energy of the lowest level.
Then 
Ei(x) = r J -< eudu Expression (5) gives the activity in a convenient form for comparison with the experimental results, and shows particularly well the variation of the form of A ( t) with the ratio DjEv For D/E1 = oo, the first term the shape of the boron absorption curve, whilst for D/E1 = 0 the second term gives the shape of the curve. For finite values of DjE1 the appropriate curve lies between these two extremes.
A p p l ic a t io n o f t h e t h e o r y to t h e e x p e r im e n t a l c u r v es
The above theory has been applied to the analysis of the experimental boron absorption curves for neutrons which excite y-rays in silver. In order to apply equation (5) it is necessary to know the values of certain constants concerning the absorption of neutrons in boron and silver and of y-rays in silver.
The absorption coefficient k of silver y-rays in silver is calculated as 0-035 cm.2 gm.-1, assuming the quantum energy of these radiations to be 4 million electron volts. The constant determining the absorption of neu trons in boron is obtained from the measurements of the absorption of ther mal neutrons described in an earlier section.
The constant a determining the absorption of neutrons in silver is not so easy to obtain. Amaldi and Fermi (1936) have found the value f,ujp = 20 cm.2 gm.-1 for the absorption of A group neutrons in silver. The energy of these neutrons (which excite the 22 sec. period radioactivity of silver) is found by absorption measurements to be 2-8 V. Measurements carried out by us seem to indicate a very much smaller absorption coefficient in silver for these neutrons, but this work is probably not entirely comparable with that of Amaldi and Fermi, since in these experiments we used detectors having a mass per unit area of 0-525 gm. The specimen used by Amaldi and Fermi had a mass per unit area of 0-057 gm.
We have made calculations of (5) assuming values of 20 cm.2 gm .-1 and also of 3 cm.2 gm.-1. The actual values of these constants do not modify the general conclusions to be drawn from this analysis. In the calculated curves shown in this paper the value yip = 20 cm.2 gm -1 given by Amaldi and Fermi has been used. A good fit could be obtained, however, if the magnitude of the slowly varying portion of the curve were not so large in comparison with the activity for zero boron thickness.
Production of gamma-rays by neutrons
It is difficult to see how the assumptions underlying the theory could be modified to provide a reasonable fit to the experimental curve. If, however, the reduced neutron width of the levels were to increase sufficiently with Eg, a reasonable agreement between the calculated and experimental curves could no doubt be obtained. It may be, however, that some other process is occurring which gives rise to y-radiation in the case of collision between fast neutrons and silver atoms. Possibly the most reasonable hypothesis to make is that some of the y-radiation arises from a type of inelastic scattering of fast neutrons which is not represented in expression (5).* To allow for this it would be necessary to raise the base-line of the experimental curve by an amount corresponding 126
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Boron absorber-thickness (gm. cm.-2 F ig . 6. Comparison of experim ental and theoretical curves for y-rays excited in a thick silver specimen.
----Theoretical curve (E 1 -0-5 V, D /E 1 -11).
------E xperim ental curve for y-rays produced by resonance capture assuming 36 % of to ta l observed intensity due to some process other th a n resonance capture.
to the intensity of the y-radiation produced in this way. Applying this hypothesis, a very good fit between the theoretical and experimental curves can be obtained by supposing Ex = 0-5 volt, D the total y-ray activity arises from the independent process. Further, this fit is unique. Thus fig. 6 shows a comparison between the experimental and theoretical curves under these conditions. Broadly speaking, the value of Ex determines the slope of the early part of the theoretical curves, the pro-* Expression (5) takes into account one ty p e of inelastic scattering, viz. th a t corresponding to capture of th e incident neutron followed shortly afterw ards by emission of the sam e or another neutron w ith lower energy. * portion of the fast neutron activity due to the postulated independent process determines the slope of the curve for large values of the boron ab sorber thickness and D\EX determines the relative importance of the two terms of equation (5).
In the case of the thin silver specimen the resonance activity arises almost entirely from capture into the lowest energy level, i.e. the boron absorption curve due to resonance capture should be almost exponential with a value of the absorption coefficient yfp = 7-5 cm.2 gm._1 corresponding to a neutron energy of 0*5 V. Superimposed on this exponential, however, will be a small constant component due to y-rays produced in an inelastic scattering process if the previous hypothesis is valid. Assuming the y-ray intensity due to this process to be proportional to the thickness of the specimen, and that 36 % of the activity produced in the thick specimen arises from this process, the corresponding figure for the thin specimen comes out at 15 % of the total activity. Fig. 7 shows a boron absorption curve calculated on these assumptions for the thin silver detector compared with the experi mental points. The agreement is seen to be very reasonable.
B oron absorber thickness (gm. cm .-2) F ia . 7. Com parison of experim ental points for thin-silver y-rad iatio n an d curve ed assum ing E t = 0-5 V a n d 15 % of to ta l y-rad iatio n to fast neutrons.
No attempt is made in this analysis to distinguish between y-rays pro duced in the two silver isotopes. If y-rays can be produced in both isotopes, the resultant boron absorption curve on the Bethe-Placzek theory would be a combination of two curves of the type of fig. 5 . It does not seem that any possible combination of two such curves could give a curve decreasing so slowly for large boron thicknesses as that observed, which indicates the necessity for postulating the production of y-radiation by some independent process.
The analysis was carried out for silver since it was easiest to determine the curves accurately in this case. Fig. 4 , however, shows also curves for the y-rays excited in arsenic and iodine-elements which consist of a single isotope. From an inspection of the shapes of these curves it is clear that the same difficulties would arise in attempting to obtain a fit to a theoretical curve as arose in the case of silver.
The curves which have been obtained for other elements are similar in form to that for thick silver and can thus be explained in a similar manner. The experimental points are in these cases less accurately determined, however, and so no attempts have been made to assign values for D/Ev etc., for them.
It should be pointed out that a constant background of the type of that ascribed to y-ray production with inelastic neutron scattering could be produced by wholly instrumental means. Thus if neutrons are scattered on to the specimen from directions other than that of the source such a constant background would be produced. On account of the precautions taken to prevent these scattered neutrons from reaching the specimen it is highly unlikely that any y-ray activity could arise from this cause and certainly nothing of the order of magnitude required to explain the observed effect.
Further, any error in estimating the absorption of y-radiation from the source in the specimen would produce an uncertainty in the magnitude of the background. It is inconceivable, however, that the uncertainty in this measurement could be sufficiently large to account for that portion of the activity which we have attributed above to inelastic scattering.
A r e t h e e n e r g y l e v e l s w h ic h g iv e r is e to y -r a d ia t io n id e n t ic a l WITH THOSE GIVING /^-RADIATION FROM THE SAME NUCLEUS ? Fig. 8 shows the boron absorption curve for neutrons which give rise to y-radiation in silver together with curves for the absorption of neutrons which give rise to the two /?-ray activities (half periods 22 sec. and 138 sec. respectively).
In each case the thickness of the silver detector was 0-5 mm. In the case of the latter two curves precautions similar to those described above for the y-ray determinations were taken to prevent neutrons scattered from other parts of the room influencing the results. The geometry of the arrangement was reasonably good, the mean obliquity of neutrons passing through the absorber being about 15° to the normal, and only a small correction was necessary to allow for this.*
The curves indicate that the absorption in boron of the neutrons pro ducing y-radiation is greater than that for the neutrons giving rise to the artificial radioactivity, although the measurements do not lie far outside the probable error which, on account of the smallness of the effect, is very large in the case of the y-ray activity. Further light on the question of the identity of the resonance levels which give rise to y-radiation and those which give rise to the /2-radiation has been obtained by measuring the relative activities produced by thermal and nonthermal neutrons in the different cases. The same disposition of paraffin and detector was used in each case, so that the quality of the neutron beam reaching the specimen was the same. The experimental arrangement was similar to that of fig. 1 , except that a great deal more paraffin was used round the source to increase the percentage of slow neutrons. Table III shows the results obtained for this measurement. The relative activity produced by thermal to that produced by nonthermal neutrons appears to be greater in the case of the y-ray activity than in the 22 sec. /Eray case, although the two measurements lie just within the limits of probable error. The 138 sec. //-activity has not been investigated in this way.
Production of gamma-rays by neutrons
Information on the above question is also obtained from the measurements described in the last paragraph by comparing the number of /Eray electrons and y-ray quanta produced. For a neutron source consisting of 350 millicurie of Rn + Be a sheet of silver of 0-5 mm. thick, 9 x 7 cm. placed close to the counter (enclosed in 2 mm. of lead) produces about 50 impulses per min. The 22 sec. /Eray activity measured by bringing the silver specimens after neutron irradiation in approximately the same positions relative to the counter as is the silver during the y-ray measurements, and extrapolating to zero time after removal from the neutron source is about 80 per min. Allowing for absorption of the /Eradiation in the silver and the A1 wall of the counter (0*3 mm. of Al), the corrected activity at the counter would come out at about 200 impulses per min. for the particular arrangement of lead and paraffin used.
For y-ray detection the efficiency of the system (counter + cylindrical lead shield) is estimated at approximately 1 %, based on the approximate relative absorption coefficient of the Ag y-radiation and its secondaries in Pb. This implies that the number of impulses that would be produced at the counter if the y-radiation wrere totally absorbed is 5000 per min., i.e. larger than the number of 22 sec. //-ray electrons by the factor 25. When equilibrium has been reached the number of 138 sec. /Erays per min. is somewhat less than the number of 22 sec. /Erays. The number of y-ray quanta produced on neutron capture therefore exceeds the total number of /Erays of both periods by a factor of at least 15, i.e. either fifteen y-ray quanta are produced per absorbed neutron in addition to a /Eray or the y-radiation arises from a process different from that which gives rise to the /Eradiation.
The first hypothesis does not appear very attractive. In view of this evidence it appears possible that the resonance y-radiation arises from a process independent of that which produces either of the //-radioactivities, although a conclusive test of this point is scarcely possible until more intense neutron sources are available. Since there are only two known stable iso topes of silver, it is difficult to understand where the two //-radioactivities and the y-ray effect could arise. It would appear necessary to postulate that the same nucleus may have two sets of energy levels, the capture into one of these giving rise to a y-radiation, whilst capture into the other produces a //-radioactive nucleus.
A similar phenomenon has been observed by Waring and Chang (1936) in a study of the positron radioactivity induced by the bombardment of f|Al by a-particles. There are two known methods of disintegration of f|Al by a-particles, viz.
(1) gAl + |H e->SSi + }H, (2) gAl + iH 6-*8P + S».
The resonance levels in the case of the first reaction have been known for some time. Waring and Chang investigated the resonances in the second case and found them different from those for the first. Since in each case the intermediate nucleus is the same, they have interpreted this to imply th at nuclear resonance phenomena depend not only on the energy of the incident particle but also on the nature of the final state of the system. Our work points to the possibility of a similar conclusion in the case of neutron capture.
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Two of us (R. D. H. and A. A. T.) were holders of Dixson Research Scholarships during the course of this investigation. Measurements have been made of the absorption in boron of those neutrons which excite y-rays in specimens of cadmium, silver (of two thicknesses), arsenic, antimony, iodine and mercury. The measurements were carried out using thermal neutrons in the case of cadmium and silver (thin specimen) and non-thermal neutrons in the case of silver, arsenic, antimony and mercury.
The curves in the latter case were always of the same general type, con sisting of an initial component rapidly decreasing with boron absorber thickness superimposed on a component varying very slowly with boron thickness. It is shown that the initial component is to be associated with a nuclear resonance level corresponding to very small neutron energy, while the other component is due to neutrons captured into resonance levels of In the case of silver, absorption measurements in boron have in addition been made of those neutrons which excite the /Eradiations of 22 sec. and 138 sec. half-period.
The question of whether a nucleus which on neutron capture can emit both /E and y-radiation will have the same resonance levels corresponding to both methods of reorganization is discussed. For silver the evidence points to the existence of separate sets of energy levels for y-ray emission and /Eray decay, but it is not sufficiently conclusive to settle this point finally.
